Peripheral nerves are exposed to mechanical stress during movement. However the in vivo mechanical properties of nerves remain largely unexplored. The primary aim of this study was to characterize the effect of passive dorsiflexion on sciatic nerve shear wave velocity (an index of stiffness) when the knee was in 90°flexion (knee 90°) or extended (knee 180°). The secondary aim was to determine the effect of five repeated dorsiflexions on the nerve shear wave velocity. Nine healthy participants were tested. The repeatability of sciatic nerve shear wave velocity was good for both knee 90°and knee 180°(ICCs Z 0.92, CVs r8.1%). The shear wave velocity of the sciatic nerve significantly increased (po0.0001) during dorsiflexion when the knee was extended (knee 180°), but no changes were observed when the knee was flexed (90°). The shear wave velocity-angle relationship displayed a hysteresis for knee 180°. Although there was a tendency for the nerve shear wave velocity to decrease throughout the repetition of the five ankle dorsiflexions, the level of significance was not reached (p¼0.055). These results demonstrate that the sciatic nerve stiffness can be non-invasively assessed during passive movements. In addition, the results highlight the importance of considering both the knee and the ankle position for clinical and biomechanical assessment of the sciatic nerve. This non-invasive technique offers new perspectives to provide new insights into nerve mechanics in both healthy and clinical populations (e.g., specific peripheral neuropathies).
Introduction
Peripheral nerves are exposed to significant mechanical stress during movement as they elongate and slide relative to adjacent tissues (Silva et al., 2014; Topp and Boyd, 2006) . Furthermore, nerve excursion and strain are altered in people with peripheral neuropathies (Boyd and Dilley, 2014; Hough et al., 2007) . As impaired nerve biomechanics is associated with compromised nerve function (Jou et al., 2000; Li and Shi, 2007; Rickett et al., 2011) , a non-invasive quantification of the mechanical properties of peripheral nerves during movement may provide valuable information for the diagnosis and management of people with peripheral neuropathies.
The mechanical properties of peripheral nerves have been extensively examined in animal models Millesi et al., 1995) , human cadaver studies (Boyd et al., 2013; Coppieters et al., 2006) and human in vivo studies (Boyd et al., 2012; Ellis et al., 2012) . The majority of in vivo studies used ultrasound imaging to quantify nerve excursion and morphology (e.g., cross sectional area) (Beekman and Visser, 2004; Dilley et al., 2001; Silva et al., 2014) . However, nerve excursion cannot be used to infer changes in stiffness or force. This is because the nerves may experience changes in their length within a slack length range (i.e., toe region of the load-elongation curve) while their stiffness or tension does not vary (Bueno and Shah, 2008; Coppieters and Butler, 2008; Topp and Boyd, 2006) . Because of this limitation, the effects of joint motion on nerve stiffness and on tensile loads are largely unknown in in vivo situations. The influence of positions of neighbouring joints on nerve stiffness and tensile load Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jbiomech www.JBiomech.com also remains largely unexamined. Finally, it is unclear whether repetitive loading or conditioning of the nerve affects its mechanical properties as is classically observed for other soft tissues such as skeletal muscles (McNair et al., 2002) and tendons (Maganaris, 2003) . Ultrasound shear wave elastography techniques, such as Supersonic Shear Imaging (SSI), measure the shear wave velocity within soft tissues (Bercoff et al., 2004) . The shear wave velocity is directly linked to the shear modulus (Bercoff et al., 2004) and, thereby, can be used as a non-invasive metric of tissue stiffness (DeWall et al., 2014) and passive tension (Eby et al., 2013; Koo et al., 2013; Maisetti et al., 2012) .
The primary aim of the present study was to characterize the effect of passive dorsiflexion on sciatic nerve shear wave velocity (an index of stiffness) when the knee was in 90°flexion (knee 90°) or extended (knee 180°). The secondary aim was to determine the effect of five repeated dorsiflexions on the nerve stiffness. To address these aims, we first needed to assess the reliability of shear wave velocity measurements for the sciatic nerve. Due to its particular mechanical relationship with knee and ankle joints, we hypothesized that the sciatic nerve stiffness would increase during both ankle dorsiflexion and knee extension.
Methods

Participants
Ten healthy males without low back or leg pain (mean (SD); age: 25.3 (2.5) years, height: 181.8 (6.9) cm, weight: 75.6 (7.5) kg) volunteered to participate in this study. Healthy individuals were selected as our intention was to reveal normal nerve biomechanics and to eliminate potentially confounding variables associated with dysfunction. Participants had no history of significant trauma or surgery to the spine, hip or hamstring region, or symptoms consistent with sciatic or tibial nerve pathology (e.g., pain, paraesthesias or weakness). The slump test [a test to assess the mechanosensitivity of the nervous system (Butler, 2000) ] was negative in all participants. Participants had no known systemic disorders (e.g., diabetes) or signs of neurological conditions that might alter the function or morphology of the peripheral nervous system. The local ethics committee approved the study, and all the procedures were in agreement with the Declaration of Helsinki. Informed consent was obtained from all participants.
Experimental conditions
Shear wave velocity was measured within the sciatic nerve during passive ankle dorsiflexion with: i) knee in full extension (i.e., knee 180°); and ii) with the knee in 90°flexion (i.e., knee 90°). The ankle was passively moved from 40°of plantarflexion to 80% of the maximal range of dorsiflexion. The maximal range of dorsiflexion was defined as the angle corresponding to the onset of pain induced by the stretch of the plantar flexors.
An isokinetic dynamometer (Biodex 3 Medical, Shirley, NY, USA) was used to impose the ankle movements and determine the maximal range of motion (ROM). The neutral position (i.e., 0°of the ankle) was defined as an angle of 90°between the footplate of the dynamometer and the shank (i.e., foot perpendicular to the leg). This position was determined using an inclinometer. The lateral malleolus was aligned with the axis of the dynamometer and was considered as an estimate of the axis of rotation. Ankle angle data were collected at 1 kHz with an analogue/digital converter (ADInstruments, Powerlab 16/35, New Zealand). Positions of the hip (i.e., neutral) and knee were verified using a standard goniometer (MSD, Londerzeel, Belgium).
Elastography measurements
Shear wave velocity maps of the sciatic nerve were measured with an Aixplorer ultrasound scanner (Version 6.1; Supersonic Imagine, Aix-en-Provence, France) in shear wave elastography (SWE) mode (Bercoff et al., 2004) using the musculoskeletal (MSK) pre-set. A linear transducer (SL 10-2, Supersonic Imagine, Aix-en-Provence, France) was used. There was no temporal smoothing (persistence¼OFF) and an intermediate spatial smoothing (5/9) was used. The maps of the shear wave velocity (Fig. 1 , SWE-mode) were obtained at 1 sample/s with a spatial resolution of 1 Â 1 mm.
First, the sciatic nerve was identified in the right posterior thigh $ 7-10 cm distal to the gluteal fold using B-mode images (Bruhn et al., 2009 (Bruhn et al., , 2008 Karmakar et al., 2007) . The probe was positioned perpendicular to the course of the sciatic nerve to obtain a cross sectional image ( Fig. 1 ; B-mode Tv). At this level, the sciatic nerve is commonly an asymmetric structure. In order to obtain a representative value, the probe was centred over the thickest part of the nerve. The transducer was then rotated (90°) to acquire a longitudinal view of the sciatic nerve, and the SWE-mode was set. All ultrasound measurements were performed by an experienced examiner.
The location of the transducer was marked on the skin using a waterproof marker so that the transducer location remained constant across the tasks. A semirigid cable supported the manually held ultrasound transducer to reduce a possible motion of the transducer during the measurements.
Note that the shear wave velocity is reported in the present study, rather than the shear modulus as in previous muscle studies (Eby et al., 2013; Koo et al., 2013; Maisetti et al., 2012) . In an infinite medium, the shear modulus (μ) can be directly calculated from the shear wave speed (Vs) using the following equation (Bercoff et al., 2004) :
where ρ is the density of soft tissues (1000 k/gm 3 ). Using a shear wave dispersion analysis applied to Achilles tendon, Brum et al. (2014) showed that the shear wavelength (directly linked to the shear wave velocity) is longer than the tendon thickness. Therefore the wave propagation is guided because the medium cannot be considered as infinite. For this reason, recent tendon studies using SSI have reported shear wave velocity (DeWall et al., 2014; Slane et al., 2015) . As shown in the present study, nerves are much less stiff than tendons and thus this issue is likely to be less problematic. However, as no study has applied the shear wave dispersion analysis to nerves, we chose to present our results as shear wave velocity.
Electromyography
Surface electromyography (EMG) was recorded to ensure that muscles were inactive during the elastography measurements. Surface electrodes (Kendall™ 100 Series Foam Electrodes, Covidien, Massachusetts, USA) were placed over the medial and lateral part of the gastrocnemius (MG and LG, respectively), tibialis anterior (TA), soleus (SOL) and semitendinosus (ST) muscles. Electrodes were placed according to the SENIAM recommendations [Surface EMG for Non-Invasive Assessment of Muscles (Hermens et al., 2000) ] with an inter-electrode distance of 20 mm. Signals were amplified ( Â 1000) and digitized (8-500 Hz bandwidth) at a sampling rate of 1 kHz (ADInstruments, Powerlab 16/35, New Zealand). The root mean square of EMG signals (RMS-EMG, averaged over a time window of 300 ms) was calculated every seconds. Then, the RMS-EMG values were normalized to that recorded during maximal isometric voluntary contraction (MVIC).
Data collection and analysis
Five conditioning cycles of passive ankle dorsiflexion and plantarflexion were first performed. These trials were conducted to evaluate a possible conditioning effect of the ankle movements on sciatic nerve mechanical properties during the initial loading-unloading cycles. The conditioning cycles were performed at 5°/s. Three post-conditioning loading and unloading motions were performed at 2°/s to measure the effect of ankle position on sciatic nerve stiffness and to calculate the reliability of the nerve shear wave speed measurement. The measurements were Fig. 1 . Acquisition and processing of the maps of shear wave speed, First, the sciatic nerve was identified in the right posterior thigh $ 7-10 cm distal to the gluteal fold using B-mode images. The probe was positioned perpendicular to the course of the sciatic nerve to obtain a cross sectional image (B-mode Tv). The transducer was then rotated (90°) to acquire a longitudinal view of the sciatic nerve (B-mode Lv). The region of interest (ROI) was determined from the B-mode image. The shear wave velocity data extracted from this ROI (SWE-mode) were averaged to obtain a representative value, legend: 1-Longitudinal view of sciatic nerve; 2-Long head of biceps femoris muscle. 3-Transverse view of sciatic nerve. Note: nerve fascicles are dark (hypoechoic) and nerve superficial bounds are defined by a hyperechoic structure (epineurium).
randomly performed with the knee in flexion (knee 90°) and extension (knee 180°), and there was a 5-min rest period between experimental conditions. Maps of the shear wave velocity were processed using a custom Matlab script (The Mathworks, Natick, USA). The region-of-interest (ROI) was first determined in the B-mode image by selecting the largest area in accordance with nerve boundaries (Fig. 1, B -mode Lv). Because the sciatic nerve moves in an antero-posterior direction during ankle movement (Boyd et al., 2012) , the ROI was manually adjusted for each frame (i.e., each second). The shear wave velocity data extracted from this ROI were averaged to obtain a representative value. Each map was visually inspected for saturated values, i.e., values that reached the maximal measurable shear wave velocity (14.1 m/s for the version of the SSI device we used). When observed, these regions of saturated values did not consistently appear on all measurements (i.e., elasticity maps) making us think that they were artifacts related to measurement rather than true regions of high stiffness. As a result of this inspection, one participant was excluded and therefore data from the remaining 9 participants were analyzed.
For the first post-conditioning cycle, the area under the shear wave velocityankle angle load curve, the area under the unload curve, and the normalized hysteresis area were calculated as described by Nordez et al. (2008) .
As the maximum ROM varied between participants, the ankle angle was normalized to the maximal ROM. Zero percent was defined as the starting position (i.e., 40°of plantarflexion) and 100% as the end position (i.e., 80% of maximum ankle dorsiflexion). Shear wave velocity, ankle angle and EMG data were synchronised by recording a trigger from the ultrasound device (ADInstruments, Powerlab 16/35, New Zealand). Synchronised data were analyzed for the first and fifth conditioning cycles, and for the three post-conditioning cycles performed at 2°/s. Linear interpolation was used to calculate the shear wave velocity every 2°of ankle angle in order to combine it with mechanical data.
Statistics
The IBM SPSS software (version 20.0; IBM Corporation, New York, USA) was used for the statistics procedures. Distributions consistently passed the Kolmogorov-Smirnov normality test. All data are reported as mean 7standard deviation (SD).
The reliability of the shear wave velocity was determined across the 3 postconditioning repetitions, at three ankle angles (20°dorsiflexion; neutral position (0°); and 20°plantarflexion) for both knee conditions during the loading phase (ankle dorsiflexion). The interclass coefficient correlation (ICC [2, 1] ), standard error of measurement (SEM), and coefficient of variation (CV) were calculated (Hopkins, 2000) .
To test whether the effect of ankle movements on nerve shear wave velocity was different between the two knee positions a two-way repeated-measures ANOVA was conducted on data from the first post-conditioning cycle [withinsubject factors: Ankle angle with 11 levels (0-100% of total ROM with 10% increments) and Knee position with 2 levels (knee 90°and knee 180°)]. To determine whether a hysteresis occurred, a comparison between the areas under the load curve and unload curves of the shear wave velocity-ankle angle relationships was performed for both knee 180°and knee 90°using two separate paired T-tests.
To test the effect of repeated ankle passive movements on the sciatic nerve shear wave velocity a repeated measures ANOVA was performed for knee 180°c ondition only [within-subject factors: Ankle angle with 11 levels (0-100% of total ROM with 10% increments) and Cycle with 2 levels (1st and 5th cycle)].
Post-hoc analyses were performed when appropriated using Bonferroni correction method for multiple comparisons. The statistical significance was set at p o 0.05.
Results
The normalized RMS-EMG values remained lower than 1% of MVC for all the examined muscles (MG, LG, TA, SOL and ST) and participants allowing us to consider that the ankle dorsiflexions were performed in a passive state. A typical example of the shear wave velocity vs ankle angle relationship is depicted in Fig. 2 . The repeatability of the nerve shear wave velocity was good at each ankle angle for both experimental conditions (i.e., knee 180°and the knee 90°). All SEM and CV values were lower than 0.34 m/s and 8.1%, respectively (Table 1 ). All ICC values were higher than 0.92 (Table 1) .
There was a significant main effect of both ankle angle (po0.0001) and knee position (po0.0001) on nerve shear wave velocity. A significant interaction between ankle angle and knee position was also found (po0.0001) showing that although nerve shear wave velocity increased with ankle dorsiflexion for knee 180°, no changes were observed for knee 90°. Consequently, the nerve shear wave velocity was significantly higher for knee 180°than knee 90°at each ankle angle (all p values r0.001; Fig. 3 ). For knee 180°, the shear wave velocity was significantly higher at 70%, 80%, 90% and 100% of ankle angle relative to 0% (p values r0.002). For knee 90°, no significant changes in shear wave velocity were observed for any ankle angles compared to the 0% value (p values Z0.056). The average increase of shear wave velocity was 33.779.4% (range: 25.4-47.4% for 0% and 100% of ankle motion, respectively). For example, at 100% of ankle ROM shear wave velocity was 10.472.4 and 5.371.1 m/s for knee 180°and knee 90°, respectively.
When the knee was at 180°, the area under the loading curve was significantly higher (p¼0.001) than the area under the unloading curve during the first ankle motion (Fig. 4) . The normalized hysteresis area was 9.575.2%. No significant difference (p¼0.58) was found when the knee was at 90°(average difference: À 0.372.0%).
Although a main effect of ankle angle (p¼ 0.0001) was found (similar to that reported above), neither a main effect of Cycle (p ¼0.055) nor an interaction between ankle angle and cycle (p ¼0.340) were found for the five conditioning ankle cycles.
Discussion
We investigated the shear wave velocity (an index of stiffness) of the sciatic nerve during passive ankle rotation at two knee angles. The present study shows that: i) SSI provides a reliable in vivo measurement of sciatic nerve shear wave velocity during ankle rotation; ii) sciatic nerve shear wave velocity increases with the ankle dorsiflexion, but this is only observed when the knee is extended at 180°; and iii) there was a tendency for the sciatic nerve shear wave velocity to decrease throughout the repetition of the five repeated ankle rotation motions.
A high reproducibility of SSI measurements has been previously observed in the median nerve, however only in resting conditions (Kantarci et al., 2014) . Our results showed a good repeatability of the sciatic shear wave velocity measured at the proximal third of the thigh during passive and slow ankle movements (Table 1) . These results highlight the potential of using shear wave elastography to non-invasively evaluate the mechanical properties of peripheral nerves at rest and during passive stretching.
The sciatic nerve stiffness increased substantially during dorsiflexion for the knee 180°condition, but no changes were observed when the knee was flexed (knee 90°) (Fig. 3) . These observations are in line with previous studies, which showed that ankle dorsiflexion was associated with distal excursion of the sciatic nerve and its corresponding tibial branch (Coppieters et al., 2006) . Taken together, these results show that sciatic nerve tension increases when is stretched due to specific positioning of multiple joints that the sciatic nerve crosses. This mechanical tensile response has already been shown in animal and in vitro studies (Silva et al., 2014; Topp and Boyd, 2006) . Moreover, mechanical forces acting on peripheral nerves are thought to be transmitted well beyond the moving joint (Coppieters et al., 2006; Coppieters and Butler, 2008) . Thus, the anatomical features of the sciatic nerve may explain the absence of stiffness changes during ankle rotation when the knee was flexed at 90°. The sciatic nerve (i.e., tibial and peroneal related branches) runs along the popliteal crease just behind the sagittal axis of rotation of the knee (Vloka et al., 2001) . Therefore, when the knee is flexed, the structures crossing the joint may fold and slacken the nerve. Further investigations are needed to determine the effects of the cumulative nerve tensioning that may be induced by the position of the joints that it crosses.
In the present study the measurements of nerve stiffness were performed proximally, therefore at relatively large distance from the moved ankle joint. Nerve architecture is different between joint and non-joint areas (Phillips et al., 2004) . Moreover, an in situ animal study showed that the nerve regions near the joints undergo greater elongation than other regions during joint movement (Phillips et al., 2004) . Together, these observations suggest that the interpretation of our results should be confined to the specific location where the stiffness was measured. Further studies are needed to characterize the spatial variability of nerve stiffness behaviour during limb movements.
Our results showed that there is a tendency for the nerve shear wave velocity to decrease throughout the repetition of five ankle rotations, despite the level of statistical significance not being reached (p ¼0.055). This lack of significance is likely explained by a lack of statistical power associated to our small sample size. In a previous in situ animal study, cyclic sciatic nerve stretching was performed at different pre-strain levels (i.e., induced by an end-toend anastomosis surgical approach) (Orf and Wust, 1979) . The repetitive nerve stretching did not alter the stress-strain curves when the nerve was pre-strained below 8% of the initial nerve length. However, for higher pre-strained levels (i.e., 8% and 10% of the initial nerve length) a significant effect of repeated joint rotation was found. It is therefore possible that further stretch applied to the sciatic nerve (e.g., by changing the hip position or by stretching the ankle to 480% of maximal ROM) might have induced a significant effect of loading cycles on nerve stiffness. The area under the loading curve was significantly higher than the area under the unloading curve when the knee was extended (knee 180°). This indicates the presence of a hysteresis, which was expected as the nerve is a viscoelastic tissue (Topp and Boyd, 2006) . Although this result is in accordance with previous in situ and in vitro studies (Chen et al., 2010; Ju et al., 2006; Rickett et al., 2011) , it was not demonstrated in vivo so far. The absence of hysteresis observed in knee 90°is likely explained by the lack of tensioning of proximal region of the sciatic nerve during ankle dorsiflexion (i.e., no loading).
There are a couple of methodological issues that have to be discussed and addressed in the future works. First, a spatial variability of shear wave velocity was observed (e.g. nerve maps at 20°and 25°on Fig. 2 -Knee 180°). Similar observations were reported from stretched muscles (Freitas et al., 2015; Le Sant et al., 2015) or tendons (Hug et al., 2013) . This variability is likely related to the variability in both architecture and composition of these tissues. To limit the influence of this variability on our results, the shear wave velocity values were averaged over a representative ROI that remained the same throughout the entire ankle ROM. Second, as observed in the B-mode image of the Fig. 1 (transverse view), the sciatic nerve has an asymmetric architecture. It is unknown whether this asymmetry is related to a spatial variability of its mechanical properties. Because the spatial resolution of the SSI technique is limited to 1 Â 1 mm 2 and because the nerve is a thin structure, this variability could not be assessed in our study. Finally, there is evidence that nerve mechanical properties influences both the efficiency of nerve functions and the protection of the nerve fascicles (Topp and Boyd, 2006) . For example, the amplitude of the compound action potential decreases linearly as the nerve strain increases (Li and Shi, 2007; Rickett et al., 2011; Wall et al., 1992) . Furthermore, it is particularly important to consider that changes in nerve morphology can be triggered by pathophysiological processes [e.g., modifications in collagen content, fibril diameter, cross sectional area and intraneural pressure (Di Pasquale et al., 2015; Goedee et al., 2013; Topp and Boyd, 2006) ], and therefore are likely to affect nerve tension and stiffness during movements. Consequently, the noninvasive characterization of the nerve mechanical properties proposed in the present study may be clinically relevant to allow the clinician to: 1) diagnose a pathological nerve; 2) design appropriate treatment techniques based on manual therapy (i.e., neural tension vs neural excursion); and 3) have real-time feedback of the intervention minimizing the physical stress that is induced on the injured nerve.
Conclusion
In summary, we showed that the shear wave velocity (an index of stiffness) of the sciatic nerve can be experimentally assessed during slow passive ankle rotation using SSI. In addition, this study demonstrates that the shear wave velocity of the sciatic nerve is influenced by the knee position regardless of the ankle joint, suggesting a cumulative tensioning effect of the nerve induced by the position of multiple joints. An increase in nerve shear wave velocity during ankle dorsiflexion was observed only when the knee was extended. Finally, the nerve shear wave velocity was not affected by five stretching repetitions. This is the first study that non-invasively assesses nerve stiffness during a joint movement. The notable dependence of the sciatic tension on nerve mechanics induced by the joints' positioning, which the nerve crosses, should be considered during clinical assessment and interventions (e.g., to minimize physical stress on an injured nerve). Further investigations are therefore required to characterize the peripheral nerves mechanics during joints movement, in both healthy and clinical populations (e.g., specific peripheral neuropathies).
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